, pairing specificand, alternatively, by rational design. Selection from ity is thought to derive mainly from the balance of ionic libraries encoding variable edge (g and e) residues interactions between neighboring helices. In both natuenriched g/e ion pairs, but the optimum selected hetral and designed two-and three-helical coiled coils, erodimers unexpectedly retained two predicted repulcharge repulsions in the homooligomers that are resive g/e pairs. The apparent repulsive interactions in WinZip-A1B1 could derive from several factors, including incomplete sampling of the libraries, a failure of the selection to maximize heterospecificity, potential differences in protein expression levels, degradation, or failure of the PV hypothesis to comprehensively describe the role of electrostatic interactions. For example, the charged residues will interact with charges in the backbone, in the neighboring side chains, and with the helix dipole. In this report, we explore these possibilities by two distinct strategies: genetic selection and protein design. We selected novel partners from two "chain-shuffling" experiments and compared the outcome to a rational design based on the PV hypothesis. Both approaches started with the parental WinZip-A1B1 sequence. These experiments afforded the first direct comparison of rational design and selection methods for improving in vitro and in vivo performance of heterodimeric coiled coils. Interestingly, the selected pairs revealed a g/eЈ interaction pattern, including charge repulsions, similar in character to the parental pair. A comparison of the thermodynamic stability of selected and designed pairs revealed only a minor influence of g/eЈ pair repulsions compared to the Remarkably, the exhaustive selection procedure did Gln was most abundant at most positions (e.g., Figure  3 ). Since the four amino acids (Gln, Glu, Lys, and Arg) not eliminate repulsive ion pairs at juxtaposed g and eЈ positions. Each of the WinZip heterodimers retained two were equally represented at the e and g positions before selection, an enrichment for Gln residues must have repulsive g/eЈ pairs. Both in the parental sequence and WinZip-A1B2 these repulsive pairs occurred in the fourth occurred in the single-step selection. This pattern may be explained by the "neutral" character of Gln, which heptad. In WinZip-A2B1, a repulsive pair in the fourth heptad was replaced by an attractive pair, and an attracprecludes charge repulsions. This permissive character, coupled with relatively high helical propensity [22], can tive pair in the third heptad was replaced by a repulsive pair. Overall, the number of attractive g/eЈ ion pairs was mediate many stable pairings that fulfill the demands of the single-step selection. A disadvantage of Gln, hownot increased by the chain-shuffling experiments. These results show that the occurrence of repulsive g/eЈ pairs ever, is the lack of heterospecificity due to the absence of repulsive g/eЈ pairs in the homodimers. This effect in the WinZip heterodimers did not result from insufficient sampling of the libraries. may account for the loss of Gln-rich pairs and the enrichment of charged e and g residues in the later passages. This idea is consistent with our previous observation Kinetics of In Vivo Selection Insights into the selection process and the importance that selection for stability is observed even in the lowest stringency selection, whereas selection for heterospecof the varied e and g positions were obtained by sequencing library pools after every second passage. The ificity is more pronounced in the higher stringency selections [19]. sequences of 26 clones from library A and 24 clones from library B before selection revealed the expected The only exception to the predominance of Gln in the early passages was at position e2 in the chain-shuffling even distribution of amino acids (28% Gln, 22% Glu, 25% Lys, 25% Arg) at the varied e and g positions and experiment that produced the winner WinZip-A2B1 (Figure 3) . In this case, positively charged amino acids (Arg the core a3 position (45% Val, 55% Asn). These values are close to the expected ratios for random incorporaand Lys) already dominated in P0. This position is conserved between the chain-shuffling winner and the pation of the trinucleotides. The trinucleotide codons (CAG coding for Gln; GAG coding for Glu; AAG coding for Lys; rental sequence, and it is selected at a fast rate. 
eЈ pairs (Figure 2) . Nonetheless, WinZip-A1B1 formed a stable, specific heterodimer with a K D of 24 nM at neutral pH. These results suggested that sequence solutions different from the PV hypothesis might be tolerated in heterodimeric coiled coils and that other factors may play a role in this selection result.
The apparent repulsive interactions in WinZip-A1B1 could derive from several factors, including incomplete sampling of the libraries, a failure of the selection to maximize heterospecificity, potential differences in protein expression levels, degradation, or failure of the PV hypothesis to comprehensively describe the role of electrostatic interactions. For example, the charged residues will interact with charges in the backbone, in the neighboring side chains, and with the helix dipole. In this report, we explore these possibilities by two distinct strategies: genetic selection and protein design. We selected novel partners from two "chain-shuffling" experiments and compared the outcome to a rational design based on the PV hypothesis. Both approaches started with the parental WinZip-A1B1 sequence. These experiments afforded the first direct comparison of rational design and selection methods for improving in vitro and in vivo performance of heterodimeric coiled coils. Interestingly, the selected pairs revealed a g/eЈ interaction pattern, including charge repulsions, similar in character to the parental pair. A comparison of the thermodynamic stability of selected and designed pairs revealed only a minor influence of g/eЈ pair repulsions compared to the suggesting that the two repulsive g/eЈ interactions in The PV hypothesis predicted that the selected peptide WinZip-A1B1 were not simply the result of insufficient pairs would be dominated by g/eЈ ion pairs in the heterosampling [19] . To improve WinZip-A1B1 by in vivo selecdimers and that the juxtaposed g and eЈ residues would tion, we performed two exhaustive chain-shuffling exbe devoid of repulsive ionic interactions. Unexpectedly, periments. In each experiment, one helix of WinZipthe selected winner sequences WinZip-A1 and WinZip-A1B1 was kept constant and selected against the entire B1, which dominated the population after 12 serial paslibrary (10 5 ) of complementary helices. Thus, helix A1 sages, lacked fully complementary charged residues. from WinZip-A1B1 was selected against the entire liThe WinZip-A1B1 heterodimer even contained predicted brary B, and helix B1 was selected against the entire library A. The colonies resulting from the single-step repulsive residue pairs at two of the six juxtaposed g and . In contrast, Glu at position g3, which forms the "2" in the name indicates the newly selected helix and "1" denotes the parental helix. The newly selected putative ion pairs with Arg residues at e4 in both the homodimer and heterodimer, did not dominate the poppartners were closely related to WinZip-A1B1, with identical or similar (Lys/Arg exchange) residues in many of ulation until passage six. In early passages of both chain-shuffling experiments, the varied positions.
Remarkably, the exhaustive selection procedure did Gln was most abundant at most positions (e.g., Figure  3 ). Since the four amino acids (Gln, Glu, Lys, and Arg) not eliminate repulsive ion pairs at juxtaposed g and eЈ positions. Each of the WinZip heterodimers retained two were equally represented at the e and g positions before selection, an enrichment for Gln residues must have repulsive g/eЈ pairs. Both in the parental sequence and WinZip-A1B2 these repulsive pairs occurred in the fourth occurred in the single-step selection. This pattern may be explained by the "neutral" character of Gln, which heptad. In WinZip-A2B1, a repulsive pair in the fourth heptad was replaced by an attractive pair, and an attracprecludes charge repulsions. This permissive character, coupled with relatively high helical propensity [22], can tive pair in the third heptad was replaced by a repulsive pair. Overall, the number of attractive g/eЈ ion pairs was mediate many stable pairings that fulfill the demands of the single-step selection. A disadvantage of Gln, hownot increased by the chain-shuffling experiments. These results show that the occurrence of repulsive g/eЈ pairs ever, is the lack of heterospecificity due to the absence of repulsive g/eЈ pairs in the homodimers. This effect in the WinZip heterodimers did not result from insufficient sampling of the libraries.
may account for the loss of Gln-rich pairs and the enrichment of charged e and g residues in the later passages. This idea is consistent with our previous observation Kinetics of In Vivo Selection Insights into the selection process and the importance that selection for stability is observed even in the lowest stringency selection, whereas selection for heterospecof the varied e and g positions were obtained by sequencing library pools after every second passage. The ificity is more pronounced in the higher stringency selections [19]. sequences of 26 clones from library A and 24 clones from library B before selection revealed the expected The only exception to the predominance of Gln in the early passages was at position e2 in the chain-shuffling even distribution of amino acids (28% Gln, 22% Glu, 25% Lys, 25% Arg) at the varied e and g positions and experiment that produced the winner WinZip-A2B1 (Figure 3) . In this case, positively charged amino acids (Arg the core a3 position (45% Val, 55% Asn). These values are close to the expected ratios for random incorporaand Lys) already dominated in P0. This position is conserved between the chain-shuffling winner and the pation of the trinucleotides. The trinucleotide codons (CAG coding for Gln; GAG coding for Glu; AAG coding for Lys; rental sequence, and it is selected at a fast rate. Among the three charged amino acids used in the CGT coding for Arg) [21] at the varied positions in the DNA libraries allowed us to deconvolute the sequencing randomization scheme, Glu was underrepresented after the single-step selection (P0) of both chain-shuffling profiles of pools of clones to determine the ratio of the corresponding amino acids in each passage.
experiments. Overall, Glu was selected against more Figure 7) . The various constructs showed significant differences in average colony size (Figure 7) . After incubation at 37ЊC, the best pair selected in vivo, WinZip-A2B1, produced the largest colonies compared to the other heterodimers ( Figure 7 ; Table 1 ). The same rank order was observed at 42ЊC and 30ЊC, although the variation was To eliminate the possibility that the apparent superiority of WinZip-A2B1 was specific to the colony size assay, we measured growth curves in minimal medium under The rationally designed pair showed slightly higher selective conditions at 37ЊC (Table 1) . Two independent stability and specificity in vitro than the best in vivoexperiments were performed in triplicate or quadrupliselected heterodimer, WinZip-A2B1 (Figure 4 ; Table 1 pothesis, has been proposed to account for the Both WinZip-A1 and the triply substituted VelA1 conrestricted pairing of many ␣-helical coiled coils. In coiled tained four predicted g/eЈ pair repulsions in the homodicoils, complementary charge pairs on the edge of the mers (Figure 6) Figure 6C) . coils.
Here we tested the PV hypothesis by directly comparIn Vivo Performance of Selected ing rational design and genetic selection strategies to and Designed Heterodimers improve a previously selected, heterodimeric coiled coil, Because one of our goals was to create specific hetWinZip-A1B1. Both strategies led to significantly imerodimers that function efficiently in a cellular environproved pairs with higher stability and specificity in vitro. ment, it was important to compare the performance of all Contrary to the PV hypothesis, the WinZip heterodimers the improved pairs in vivo. For this purpose, genes for the selected in vivo neither maximized predicted, attractive, rationally designed sequences were cloned using the g/eЈ charge pairs nor eliminated predicted, repulsive, same codons as for the selected pairs and expressed g/eЈ charge pairs. The best sequence pair obtained by in vivo selection, WinZip-A2B1, was nearly as stable in for example, did not correlate directly with the in vitro stability of the homo-and heterodimers. This trend was vitro as the rationally improved pair, VelA1-VelB1 (Table  1) . These results were unexpected, because WinZipapparent, for example, from the fact that different peptide pairs with a total of two charge repulsions displayed A2B1 retained two predicted, repulsive, g/eЈ charge pairs, while VelA1-VelB1 contained six attractive pairs T m values under identical conditions ranging from 28ЊC to 63ЊC. Similarly, the difference in T m between WinZipand no repulsive pairs. In combination with the reduced stability of the VelA1 homodimer, the VelA1-VelB1 het-A1B1 and WinZip-A2B1, which both have two repulsive g/eЈ pairs, is larger than the difference in T m between erodimer showed a modest gain in specificity in vitro. Despite the enhanced specificity and marginally higher WinZip-A2B1 and VelA1-VelB1, which have two and zero repulsive g/eЈ pairs, respectively. Despite the considerstability of VelA1-VelB1 in vitro, this rationally improved pair was not the best heterodimerization domain in vivo.
able variations in stability, the number of potentially repulsive, neutral, and attractive g/eЈ interactions remained similar for all the WinZip-AB heterodimer pairs Deviations from the PV Hypothesis Biophysical studies of the various peptide pairs enabled (Table 1) . Strikingly, the significant improvement obtained in WinZip-A2B1 did not require elimination of us to investigate the influence of the g/eЈ residues in detail. The number of predicted g/eЈ charge repulsions, potentially repulsive interactions. These results suggest that there is more variation in the contributions of g/eЈ Library B-derived homodimers formed the least stable group, followed by library A homodimers. With one exionic residues than is accounted for simply by counting the number of predicted attractive and repulsive pairs. ception, the heterodimers formed the most stable group ( Table 1 ). The differences between these groups, apart A variety of factors could influence the contributions of g/eЈ ionic residues. The overall electrostatic potential, from the g/eЈ pairs, reside in the solvent-exposed positions b, c, and f. Thus, these surface positions are crucial including inter-and intramolecular interactions, plays a major role [24-27]. Interactions with the core residues, for the overall dimer stability. The global differences in dimer stability could not be such as favorable packing or steric clashes, also have been proposed to modulate g/eЈ interactions [35, 36] . rationalized in terms of the amino acid content of the peptides alone. We assessed the tendency of each pepOther effects of the sequence context may arise from local helix flexibility or from interactions with b, c, or f tide to form a monomeric helix, for example, using the program AGADIR [41, 42] . The underlying assumption residues [19, 37]. Examination of coiled-coil structures also suggests that the e and g positions are structurally was that regions with high helix forming tendency would favor formation of the helical dimer. AGADIR predicted different, and these differences may accommodate specific charge pairs in different ways [38] [39] [40] .
only a low helix content of 0.5%-7.2% (at 37ЊC and 0.15 M ionic strength) in the selected and rationally improved With the exception of WinZip-A2 and WinZip-A1B2, the homo-and heterodimers were sorted in Table 1 ity of the heterodimer with WinZip-A1. In addition, the These mutations were unlikely to be purely advantaWinZip-A1B2 heterodimer in the DHFR fusion conferred geous. The introduction of the two negative charges slower growth than the parental sequence in vivo. These close to the C terminus was likely to destabilize the results raise the question of how the WinZip-B2 sehomo-and heterodimers because of an unfavorable inquence emerged from the chain-shuffling experiment. teraction with the helix dipole [48] . Furthermore, increasIt is possible that the chain-shuffling protocol was relaing the number of Glu residues, which show relatively tively insensitive to the small differences in the properlower helix propensity, was expected to decrease both ties of the WinZip-B1 and WinZip-B2 sequences. In this homo-and heterodimer stability [22, 49] . Considering model, the lack of significant improvement by chain previous successful, rational designs of heterodimers shuffling suggests that the WinZip-B1 helix selected [14, 40, 50], however, the gain in stability from replacing originally was already a nearly optimal partner to WinZipthe two g/eЈ charge repulsions in the parental hetero-A1. Alternatively, the increased helix content of WinZipdimer with two ion pairs might outweigh any destabiliz-B2 (Table 1) may have conferred an advantage in the ing effects. In fact, Vel-A1B1 was stabilized by ‫-01ف‬fold chain-shuffling selection. relative to the parental heterodimer (Table 1 ). In addition,
In contrast, WinZip-A2 has three changes in the six the VelA1 homodimer was weakly destabilized relative juxtaposed e and g residues compared to WinZip-A1. to the parental homodimer ( Table 1 ). The combination The three substitutions include one apparently conserof these effects yielded an increase in the specificity vative change (Lys to Arg at position g1) and two charge of heterodimer formation. Thus, the specificity of the reversals (Lys to Glu at position e3, and Arg to Glu sequence combinations coincides qualitatively with the at position g3). These changes were associated with PV hypothesis, but it also shows that a more sophistiincreased in vitro stabilities of both the WinZip-A2 hocated treatment is needed to fully understand the effects modimer and the WinZip-A2B1 heterodimer relative to of sequence changes. the parental dimers. The specificity of the WinZip-A2B1 It would be incorrect to conclude, however, that the heterodimer (3.2 kcal/mol) was increased relative to the presence of predicted repulsive g/eЈ charge pairs preparental sequences (2.6 kcal/mol). This improvement in cludes stable dimer formation. The VelA1-VelB1 and specificity is over and above the increased stability of WinZip-A2B1 heterodimers, for example, displayed simthe WinZip-A2 homodimer (Table 1) , reflecting a specific, ilar dissociation constants despite the presence of two nonadditive advantage of the interhelical pair. These reputative repulsive pairs in the WinZip-A2B1 heterodimer sults emphasize the ability of genetic selection to pro- (Table 1 ). These results suggested that similarly charged residues in juxtaposed g and eЈ positions can be tolervide unanticipated solutions to biochemical problems. genome. The optimal charge placement in stable heteroThus, the evidence supports the idea that the N-terminal specific coiled coils is a complicated function that is region may comprise the most stable segment of the only partially explained by the PV hypothesis. selected heterodimers, which is thus of most crucial
Kinetics of Selection
The presence of two predicted repulsive g/eЈ ion pairs importance in the selection experiment. This conclusion in WinZip-A2B1 unexpectedly caused only a small reis consistent with studies of the GCN4 leucine zipper duction in dimer stability and pairing specificity comshowing that the region that is most stable to hydrogen pared to VelA1-VelB1, which lacked predicted repulsive exchange also is most susceptible to helix-destabilizing g/eЈ ion pairs (Table 1 
